Abstract-
I. INTRODUCTION
UTIPLE-input multiple-output (MIMO) and orthogonal frequency division multiplexing (OFDM) have been adopted in many modern broadband wireless communication systems, such as IEEE 802.11n Wireless Local Area Networks (WLAN) [1] , IEEE 802.16m Wireless Metropolitan Area Networks (WiMAX) [2] and 3GPP Long Term Evolution (LTE) [3] systems. In MIMO communications, channel state information (CSI) needs to be known at the transmitter in order to achieve the maximal diversity and/or multiplexing gain. Accurate CSI is crucial since CSI error introduces the inter-data-stream interference and thus the sum rate ceiling problems. In frequency division duplex (FDD) systems, one widely used solution is to quantize the CSI at the receiver and send this information to the transmitter over a limited-rate feedback channel [4] . In a codebook-based quantization and limited feedback approach, the common codebook with size N is available at both the transmitter and receiver. At the receiver, the CSI is quantized using the codebook and the index of the selected codeword is fed back to the transmitter with 2 log N bits. Generally, a larger N brings in a smaller CSI quantization error but a larger feedback overhead. Thus, the important thing is how to find a codebook with a reasonable N but providing a small quantization error.
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Codebook design has been discussed extensively in many literatures (e.g., see [5] [6] [7] [8] ). Most of these codebooks are designed and optimized for uncorrelated Rayleigh fading channel without exploiting the channel spatial or temporal correlation. An adaptive codebook technique for the beamformer in single-user (SU) MIMO single-carrier systems is proposed in [9] to utilize the channel covariance of the correlated MIMO channel. Other adaptive codebook techniques for SU MIMO single-carrier systems are proposed in [10] and [11] where an adaptive local codebook for the beamformer is constructed through rotating and scaling a root codebook.
In this contribution, we investigate three adaptive codebook techniques for the multi-user (MU) MIMO-OFDM broadcast systems. Unlike the SU cases, in MU-MIMO broadcast systems, users do not have sufficient information to recommend the precoder assumed at the base station. Therefore, in MU cases, the adaptive codebooks are designed for channel (rather than beamformer) quantization and feedback. Adaptive codebook technique I and II are extensions of the SU-MIMO adaptive codebook techniques in [9] - [11] . Adaptive codebook technique III is a novel proposal wherein both the first-and second-order statistics of the channel are exploited in adaptive codebook construction to further improve the system performances. The sum rate performances of the three adaptive codebook techniques in MU-MIMO systems are investigated through simulations based on the LTE system profile. Compared to the fixed codebook solution, significant sum rate gains are achieved with adaptive codebook techniques. Furthermore, the novel proposed adaptive codebook technique (technique III) outperforms technique I and II in sum rate performance.
Throughout this paper, the transpose of a vector or matrix is denoted by ( ) N σ , and P is the total transmit power at the base station. For convenience, the subcarrier index l and symbol index n will be omitted when there will be no confusion.
Since the power is equally allocated to all K users, the signal-to-interference-plus-noise ratio (SINR) at the k-th user is given by [12] 
and the sum rate R of the MU-MIMO broadcast system is
where the signal-to-noise-ratio
Assume that zero-forcing (ZF) transmit precoding F is designed based on the quantized channel direction information (CDI). Thus, 
III. NOVEL ADAPTIVE CODEBOOK TECHNIQUES FOR MU-MIMO-OFDM SYSTEMS
As shown in Fig.1 , one two-dimensional resources block (RB)
for OFDM signal transmission consists of L frames and M subcarriers where one frame consists of J OFDM symbols. The size of the RB is chosen such that the CSI's in the RB have high time and frequency correlations. Under such a situation, these CSI's can then be characterized using a codebook 
A. Adaptive Codebook Technique I (using CDI Covariance)
The long term channel spatial covariance matrix can be employed to construct an adaptive codebook for the CDI in the MU-MIMO-OFDM case.
Similar to the two-step approach for the SU-MIMO single-carrier case in [9] , a root codebook is designed for a spatially uncorrelated Rayleigh fading channel in the first step. Then, in the second step, the root codebook is mapped adaptively to a new adaptive codebook such that the new codeword covariance is similar to the CDI covariance.
Take the correlated Grassmannian adaptive codebook design as an example. In the first step, an uncorrelated Grassmannian codebook C is designed to maximize the minimum chordal distance 
where I is an identical matrix and β is a constant.
In the second step, the uncorrelated codebook C is rotated based on the CDI covariance k R the k-th user to get the adaptive codebook k C for the k-th user:
where , k q c is the q-th codeword in the adaptive codebook k C and JLM is the total number of channel vectors in one RB. Using (7), the covariance of the adaptive codebook is approximately proportional to the channel spatial correlation:
If it is desired, the codeword , 
B. Adaptive Codebook Technique II (using CDI Mean)
The long term channel mean can also be employed to construct an adaptive codebook for the CDI. The three-step approach for the SU MIMO single-carrier case in [11] will be extended to deal with the MU MIMO-OFDM case.
Similar to [11] , a root codebook with global or local packing is designed in the first step. In the second step, as shown in Fig.2 , the center of the root codebook is rotated adaptively to align with the CDI mean m k in the second step: 
where U rot is the unitary rotation matrix determined by 0 c and 0 c . In the third step, also shown in Fig. 2 , the distance between any codeword and the codebook center is scaled by a common factor α so that the codebook has the optimum coverage and 
. 
where U rot rotates the entire codebook such that the codebook center c 0 is aligned with CDI mean m k and s scales the entire codebook with respect to the new codebook center m k with the scaling factor α. In this manner, the normalized mean m c,k of the adaptive codebook in (14) is approximately equal to the CDI mean m k . 
C. Adaptive Codebook Technique III (using both CDI Covariance and CDI mean)
In the adaptive codebook technique III, both the first-order statistics (CDI mean) and the second-order statistics (CDI variance) will be exploited to further improve the system performance. The main goal is to have the adaptive codebook satisfies both (8) and (15) . Note that the transformation in (8) preserves the CDI covariance but alters the CDI mean. Similarly, the transformation in (15) preserves the CDI mean but alters the CDI covariance. Thus, we cannot just simply combine the two transformations.
To overcome the above mentioned difficulty, we consider the differential channel covariance 
and the channel mean is also preserved:
(23)
IV. SIMULATION RESULTS
The sum rate performances of the proposed adaptive codebook techniques for MU-MIMO-OFDM broadcast systems with the LTE profile are investigated The base station equipped with four transmit antennas will transmit to users with one receive antenna per user. The spatial MIMO channel model used in simulation is the suburban macrocell in [14] without considering the long distance path loss. Each LTE downlink frame is 10 ms long and consists of 10 subframes. Define the time duration for each subframe (1 ms) as the Transmission Time Interval (TTI). Each TTI comprises 14 OFDM symbols (J=14). The channel coherent time in simulation is around 20 TTI's. The FFT size of the OFDM system is 1024. The subcarrier spacing is 15 KHz. The number of data subcarriers carried on each preamble is 600. The sum rate performances of the three adaptive codebook approaches for different RB sizes are investigated and compared with the fixed codebook result and the perfect CSIT result. The fixed codebooks used for different users should be different and are generated by multiplying the 4-bit Householder codebook [3] by different unitary matrices. The root code book used for the adaptive codebook construction is a 4-bit Grassmannian codebook [15] . The adaptive codebooks for each RB will be constructed based on the long term CSI's (CDI mean and/or covariance) which are assumed to be perfectly known at both receiver and transmitter. The codebook scaling factor used in the adaptive codebook technique II is In Fig.3 , the antenna spacing at the base station is 4λ ( λ is the wavelength of the carrier) and four users are randomly generated in a cell. In Fig. 4 , the antenna spacing remains as 4λ but only two users are considered. In Fig. 5 , the antenna spacing is reduced to1.5λ and only two users are considered.
From the simulation results shown in Figs.3-5 , the sum rate performances of the three adaptive codebook techniques are much better than the fixed codebook solution. In addition, technique III outperforms techniques I and II (with a significant gain compared to technique II and a medium gain compared to technique I) for all simulations. Comparing the results of two TTI's, we conclude that reducing the RB size (increase the instant CSI correlation in the RB) will improve the sum rate performance but add more feedback overhead. Remarkable observations can also be made by comparing Fig.3 to Fig.4 . For perfect CSI, the 4-user result is better than the 2-user result since the transmitter has 4 antennas and the system can support up to 4 users. However, although the sum rate increases as the number of users increases (up to 4), the 4-user sum rate cannot reach to twice of the 2-user sum rate because there is diversity gain in the 2-user case but not in the 4-user case.
For fixed codebook, unlike perfect CSI, the 4-user sum rate is worse than the 2-user sum rate because fixed codebook provides a poor CDI resolution and the resulting zero forcing precoder cannot cancel the MU interferences well. Thus, more users generate more MU interferences. The MU interferences in the 4-user case are so strong that the advantages of multiplexing totally disappear. Instead, the sum rate decreases as the number of users increases.
Similar to fixed codebook, the 4-user sum rate is worse than the 2-user sum rate in the adaptive technique II simulation. For the adaptive technique I simulation, the 2-user sum rate is more or less equal to the 4-user sum rate when L=5. However, for the adaptive III simulation, the 4-user sum rate is larger than the 2-user when L=5 which is similar to the perfect CSI simulation. Thus, we can conclude again that, among the three techniques, III is the best and II is the worst. Comparing Fig.4 to Fig.5 , the 4λ result is better than the 1.5λ result for perfect CSI. This is due to the fact that the channels in the 4λ case are less correlated than those in the 1.5λ case. For the same reason and like perfect CSI, the 4λ result is better than the 1.5λ result for all limited feedback simulation (including fixed codebook and three adaptive codebook techniques). What we are interested here is the performance improvement of adaptive codebooks over the fixed codebook. For a single user scenario (not shown here), we observed the improvement in the high correlation environment (1.5λ) is larger than that in the low correlation environment (4λ). This is due to the fact that adaptive techniques are generally more effective in high correlation environments. However, we don't find the same observation here in the multiuser scenario because the multiuser interference generated by imperfect zero forcing eliminates the merits brought up by strong correlation for adaptive codebooks.
V. CONCLUSION
In this paper, we investigate the adaptive codebook-based limited feedback techniques for MU-MIMO-OFDM broadcast systems. Using channel covariance and mean respectively, techniques I and II are extensions of two adaptive codebook techniques proposed for SU-MIMO single-carrier systems. Technique III is a new proposal wherein both channel covariance and mean are exploited in the adaptive codebook construction to further improve the performance. The sum rate performances of the three adaptive codebook techniques in MU-MIMO OFDM systems are investigated through simulation based on the LTE system profile. The adaptive codebook approaches have significant sum rate gain compared to the fixed codebook solution. The novel proposed technique III outperforms substantially technique I and II in sum rate performance. We can conclude that adaptive codebook techniques are important for FDD MU-MIMO-OFDM systems and techniques using both the first order and the second order channel statistics outperform techniques just using either the first order or the second order channel statistics.
